INTRODUCTION
Sialic acids are monocarboxylates of a family of ninecarbon a-keto amino monosaccharides, which are also known as neuraminic or nonulosonic acids. The most common member of this group, which is ubiquitous and widely studied, is N-acetylneuraminic acid (Neu5Ac or NANA). In eukaryotes, sialic acids are chemically bonded at the termini of numerous glycans and are found extensively in mucus-rich environments such as the oral cavity and respiratory, intestinal and vaginal tracts. Sialic acids in eukaryotes play pivotal roles in a diverse array of cell-cell and cell-molecule interactions, such as stabilizing glycoconjugates and cell membranes, and acting as chemical messengers (Varki, 1992 (Varki, , 2008 Vimr et al., 2004) . Sialic acids are also utilized by commensal and pathogenic bacteria in a number of ways; for example, several pathogenic species of bacteria have been shown to sialylate their cell surfaces to mask them from the host immune system (Varki, 1992 (Varki, , 2008 Vimr & Lichtensteiger, 2002; Vimr et al., 2004) . Many bacteria, including Vibrio cholerae, are also able to utilize sialic acid as a sole carbon, nitrogen and energy source (Nees et al., 1976; Vimr & Troy, 1985; Chang et al., 2004; Severi et al., 2005; Steenbergen et al., 2005; Almagro-Moreno & Boyd, 2009a, b; Brigham et al., 2009 ). Vimr and colleagues showed that three key catabolic enzymes, (i) Neu5Ac lyase/aldolase (NanA), (ii) N-acetylmannosamine kinase (NanK) and (iii) ManNAc-6-phosphate epimerase (NanE), act sequentially to convert sialic acid (Neu5Ac) into N-acetylglucosamine 6-phosphate (GlcNAc-6-P) (Vimr & Troy, 1985; Vimr et al., 2004) . GlcNAc-6-P is then converted by two enzymes encoded by nagA and nagB into fructose IP: 54.70.40.11
On: Mon, 31 Dec 2018 09:38:25 6-phosphate, which is a substrate in the glycolysis pathway. Brigham and colleagues identified a novel epimerase in Bacteroides fragilis that has no requirement for a phosphorylated substrate (Brigham et al., 2009) . This pathway appears to be limited to the genus Bacteriodes and to Tannerella forsythia, a Gram-negative obligate anaerobic pathogen (Brigham et al., 2009; Roy et al., 2010) . We also recently characterized a sialic acid mutarotase, NanM, which is also often associated with the nanA, nanE and nanK gene clusters (Severi et al., 2008) .
Bacteria that harbour sialic acid catabolism (SAC) genes rely on their surrounding environments for a supply of sialic acids, which must be transported into the cells. Among bacteria, four diverse families of sialic acid transporters (SATs) can be genetically linked with the SAC cluster. The tripartite ATP-independent periplasmic (TRAP) transporter first characterized in Haemophilus influenzae is the predominant type in Pasteurellaceae and Vibrionaceae, the major facilitator superfamily (MFS) NanT is found mainly in Enterobacteriaceae, an ATP-binding cassette (ABC)-type transporter from Haemophilus ducreyi and the sodium solute symporter (SSS) first characterized in Salmonella enterica serovar Typhimurium are predominant among Firmicutes (Allen et al., 2005; Müller et al., 2006; AlmagroMoreno & Boyd, 2009a; Fischer et al., 2010; Severi et al., 2007 Severi et al., , 2010 Vimr et al., 2004) .
In V. cholerae, the causative agent of cholera, the SAC gene cluster is present within the 57 kb Vibrio pathogenicity island-2 (VPI-2) region (Jermyn & Boyd, 2002 . The SAC cluster is genetically linked to the TRAP transporter genes vc1777-vc1779 and a sialidase (neuraminidase), which cleaves higher-order gangliosides to release free sialic acid and expose the GM1 ganglioside. Pathogenesis of V. cholerae is contributed by two major virulence factors, cholera toxin (CT) and toxin co-regulated pilus (TCP), which are encoded on CTXW and the VPI-1 island, respectively (Taylor et al., 1987; Kovach et al., 1996; Waldor & Mekalanos, 1996; Karaolis et al., 1998) . The receptor for CT on the eukaryotic cell is the GM1 ganglioside (Galen et al., 1992) . Previously, it was demonstrated that the SAC gene cluster in VPI-2 enables V. cholerae to catabolize sialic acid as a sole carbon source (Almagro-Moreno & Boyd, 2009b) . We demonstrated by using the infant mouse model of cholera that the V. cholerae DnanA strain SAM1776 is defective in early intestinal colonization stages compared with the wild-type strain N16961. Also, in co-culture in vivo colonization experiments of SAM1776 and N16961, we showed a decrease in the competitive index of SAM1776. The data demonstrated an important relationship between the ability to catabolize sialic acid, an abundant carbon source in vivo, and bacterial fitness in the gut (AlmagroMoreno & Boyd, 2009b).
As mentioned above, transport of sialic acids is a prerequisite for catabolism. A siaPQM (vc1777, vc1778 and vc1779 encode siaM, siaQ and siaP, respectively) homologue that encodes a substrate binding-dependent (SBP) secondary transporter belonging to the TRAP transporter family is genetically linked with the SAC gene cluster in V. cholerae (Jermyn & Boyd, 2002; Almagro-Moreno & Boyd, 2009a, b; Fischer et al., 2010; Mulligan et al., 2011 Mulligan et al., , 2012 and has been characterized in vitro as a sialic acid transporter (Mulligan et al., 2009 (Mulligan et al., , 2012 Thomas & Boyd, 2011) . The TRAP transporter (SiaPQM or SiaPT) associated with the SAC gene cluster in H. influenzae has been shown to be highly efficient in the uptake of sialic acid (Allen et al., 2005; Severi et al., 2005; Müller et al., 2006; Mulligan et al., 2009) . Likewise, in Pasteurella multocida, SiaP (PM1709) is essential for sialic acid transport (Steenbergen et al., 2005) . Vibrio vulnificus clinical strains contain genetically linked sialic acid transport and catabolism gene clusters identical to those of V. cholerae (Almagro-Moreno & Boyd, 2009a; Jeong et al., 2009) . In V. vulnificus strain CMCP6, by using a mutational approach, the SiaPQM homologue was shown to be the sole sialic acid transporter in this species (Lubin et al., 2012) . However, the experimental evidence as to whether the SiaPQM homologue functions as the sole sialic acid transporter in V. cholerae is lacking.
In a recent study in V. cholerae, Sharma and colleagues proposed that vc1929, which encodes a DctP homologue of a C 4 -dicarboxylate-binding periplasmic protein, is involved in sialic acid transport. In their study, they proposed that in an El Tor strain of V. cholerae, the VC1929 protein is a mannose-sensitive haemagglutinin that is required for sialic acid utilization (Sharma et al., 2011a, b) . However, VC1929 is a part of a TRAP gene cluster (vc1927, vc1928 and vc1929 encode dctM, dctQ and dctP, respectively), which is more similar to the C 4 -dicarboxylate-binding members of the TRAP family (Thomas & Boyd, 2011) . Moreover, the vc1927-vc1929 genes are adjacent to two genes (vc1925/vc1926) encoding homologues of the twocomponent sensor-regulator system DctS/DctR that likely sense C 4 -dicarboxylates such as malate, fumarate and succinate (Thomas & Boyd, 2011) .
In this study, we investigated the physiological roles of the two TRAP transporters SiaPQM (VC1777-VC1779) and DctPQM (VC1927-VC1929) in V. cholerae to determine which are involved in sialic acid transport in this important human pathogen and define the likely extent of sialic acidspecific TRAP transporters in bacteria.
METHODS
Bacterial strains and plasmids. Strains and plasmids used in this study are listed in Table 1 . All strains were grown aerobically (225 r.p.m.) at 37 uC in Luria-Bertani (LB) broth (Fisher Scientific) with a final NaCl concentration of 1 % for V. cholerae and 2 % for V. vulnificus and Vibrio parahaemolyticus. All strains were stored at 280 uC in LB broth with 25 % (v/v) glycerol. All genetic manipulations utilized Escherichia coli strains DH5a lpir and the b2155 lpir diaminopimelic acid (DAP) auxotroph. Unless otherwise stated, bacteria were grown on LB broth containing 1 % NaCl at 37 uC with aeration. The E. coli b2155 DAP auxotroph was cultured on media containing 0.3 mM DAP (Sigma). Antibiotics were added to LB at the following concentrations: 200 mg streptomycin (Sm) ml 21 ; 25 mg chloramphenicol (Cm) ml 21 ; and 100 mg ampicillin ml 21 .
Bioinformatic analysis of SiaP and DctP proteins. We collected protein sequences for homologues of VC1779 and VC1929 using BLASTP and aligned these in CLUSTAL_X (Jeanmougin et al., 1998) . The signal peptide sequences were removed. The aligned sequences were imported into MEGA5 (Tamura et al., 2011) and their evolutionary history was determined using the neighbor-joining method (Saitou & Nei, 1987) , which was tested using a bootstrap method (1000 replicates). For analysis of the genome context of the vc1779 and vc1929 genes and their orthologues, we examined their flanking genes to identify likely candidate catabolic genes that enable utilization of the substrate transported. We also collected sequences from the closest outgroup to the SiaP cluster, which enabled us to define the edge of the SiaP clade.
Growth analysis in M9 minimal medium supplemented with sialic acid or the C 4 -dicarboxylic acids succinate, fumarate and malate. Wild-type or mutant strains were examined for their ability to grow in sialic acid (Neu5Ac) or C 4 -dicarboxylic acid as a sole carbon source following the protocol as described previously (Almagro-Moreno & Boyd, 2009b) . Briefly, pre-cultures of each strain were grown to stationary phase at 37 uC in LB, and cells from 1 ml culture were harvested following centrifugation at 8100 g for 5 min and washed with M9 minimal medium. The cells were then dissolved in 1 ml M9 minimal medium and a 100 ml aliquot of these cultures was added to 5 ml fresh M9 minimal medium supplemented with Neu5Ac [sialic acid (1 mg ml 21 )] or D-glucose (1 mg ml 21 ) (Sigma), or 20 mM each of succinate (Alfa Aesar), fumarate (Acros Organics) or L-malate (MP Biomedicals), of which a 200 ml aliquot per well was added to a 96-well microtitre plate and incubated at 37 uC for 24 h with shaking. Optical densities were measured using a Genios microplate reader and Magellan plate reader software (Tecan). Origin 8.5 software (OriginLab) was used to construct graphs based on the data obtained. Growth assays were performed in triplicate at least two times.
Construction of mutant strains of V. cholerae N16961. In-frame deletion mutants were constructed using splicing by overlap extension (SOE) PCR and allelic exchange (Horton et al., 1989) . We used the V. cholerae N16961genome sequence as a template to design primers, which were purchased from Integrated DNA Technologies, to perform SOE PCR and obtain in-frame non-polar single knockout mutations for vc1777 and vc1929, which encode the putative SiaM and DctP proteins, respectively ( Table 2 ). Deletions of 891 and 861 bp were created in vc1777 (1284 bp) and vc1929 (999 bp), resulting in 393 and 138 bp truncated versions of the siaM and dctP genes, respectively, thus creating non-functioning TRAP transporters (SiaPQM and DctPQM, respectively). Briefly, the VC1777AD PCR fragment was cloned into the suicide vector pDS132 (Philippe et al., 2004) , which was designated pNC1777 and electroporated into the E. coli strain DH5a l-pir. pNC1777 was then plasmid-purified and transformed into the E. coli strain b2155, a DAP auxotroph, and pNC1777 was then conjugated into V. cholerae N16961 via crossstreaking on LB plates containing 0.3 mM DAP. Growth from these plates was then transferred to LB plates containing 25 mg Cm ml 21 and 200 mg Sm ml 21 to select for V. cholerae/pNC1777 only. Exconjugants were cultured overnight in the absence of Cm and serial dilutions were plated on LB containing 10 % (w/v) sucrose and Sm to select for cells which had lost pNC1777. Double-crossover deletion mutants were then screened by PCR using the flanking (VC1777FF and VC1777FR) and AD (VC1777A and VC1777D) primers and confirmed by sequencing. The same procedure was applied using vc1929-specific primers (Table 2 ) to construct V. cholerae NC1929, a dctP mutant.
RESULTS
Growth analysis of VPI-2-positive and VPI-2-negative Vibrio species in minimal medium supplemented with sialic acid
We selected several strains for growth analysis that are closely related to V. cholerae but do not contain homologues of VC1777-VC1779. V. parahaemolyticus RIMD 2210633 does not contain the VPI-2 island, whereas V. cholerae MO10 only contains a truncated 20.0 kb VPI-2 island lacking SAC and SAT gene clusters (Jermyn & Boyd, 2002) . In addition, we included in our analysis a V. vulnificus strain that contains a non-polar in-frame deletion of siaM, strain JJK0731, that was previously shown to be unable to grow on sialic acid (Neu5Ac) as a sole carbon source (Lubin (Fig. 1a) . However, only V. cholerae N16961, which contains VC1777-VC1779, grew in M9 plus sialic acid (Neu5Ac) (Fig. 1b) , whereas the VC1777-VC1779-negative strain V. parahaemolyticus RIMD 2210633, the V. cholerae strain MO10 and the V. vulnificus mutant strain JJK0731 failed to do so (Fig. 1b) . This finding demonstrates that vibrios that lack the SiaPQM (VC1777-VC1779) TRAP transporter system are unable to take up and utilize sialic acid as a sole carbon and energy source. All strains examined did contain close homologues of the DctPQM (VC1927-VC1929) transporter, suggesting that in the species and strains examined this transporter is not involved in sialic acid uptake.
VC1777 is essential for growth on Neu5Ac as the sole carbon source
As the siaPQM genes (vc1777-vc1779) are known to encode a functional SAT in vitro (Mulligan et al., 2012) , we investigated the role of this transporter in V. cholerae in growth on sialic acid. We constructed an isogenic nonpolar knockout of the vc1777 gene (siaM) of strain V. cholerae N16961, which encodes the large membrane component of the TRAP transporter with 12 predicted transmembrane helices (Fig. 2a) . Growth assays with wildtype N16961 and the isogenic siaM mutant strain NC1777 showed similar growth patterns in LB (data not shown) and M9 plus glucose (Fig. 3a) . However, although the wildtype strain grew well in M9 plus sialic acid, the siaM mutant strain NC1777 failed to do so (Fig. 3b) , indicating that this is the sole SAT in V. cholerae. These data are congruent with that of siaM mutant V. vulnificus strain JJK0731, which demonstrated that the siaPQM homologue is the sole SAT in this species (Lubin et al., 2012) .
Defining the sialic acid-specific TRAP transporters using protein phylogeny, genome context and structure-based analysis of SiaP
To determine whether any of the other three TRAP transporter gene clusters contained in the V. cholerae genome might encode sialic acid-specific systems we aimed to define the distribution of SiaPQM-type TRAP transporters in bacteria. In TRAP transporters the substrate specificity is determined by the ligand-binding properties of the SBP protein (Mulligan et al., 2011) , and consequently the phylogeny of the SBP, combined with the genome context of the transporter, has provided a strong indication of the ligand specificity of an uncharacterized TRAP transporter (Thomas et al., 2006) . With regard to the known Neu5Ac-specific TRAP SBPs, the two biochemically characterized proteins, HI0146 and VC1779, form a small clade in the phylogenetic tree of the TRAP SBPs, which contains sequences from Proteobacteria, Fusobacteria, Firmicutes and Spirochaetes (Fig. 4) . There is also strong genetic evidence that the pm1708-pm1709-encoded TRAP transporter from P. multocida is also involved in uptake of Neu5Ac (Steenbergen et al., 2005) (Fig. 4) . Within this cluster the majority of bacteria also have co-localized genes involved in SAC, for example nanAEK and nanM (Severi et al., 2007 (Severi et al., , 2008 AlmagroMoreno & Boyd, 2009a; Mulligan et al., 2011) , which strongly supports the likelihood that the transporters are Neu5Ac-specific (Fig. 4) .
Examination of the topology of the tree combined with the genome context analysis suggests two possible nodes on the Vibrio cholerae sialic acid TRAP transporter SiaPQM tree at which the specificity of the SBP for Neu5Ac is lost (indicated by black circles in Fig. 4 ). Node 1 (shaded light blue) includes the three known SiaP proteins, whereas node 2 also includes two sequences from the a-Proteobacteria, from Sinorhizobium meliloti and Sinorhizobium medicae. While the genes for these two transporters do not co-localize with the nanE, nanK or nanM genes, there is in proximity a gene with sequence similarity to nanA, which encodes the first enzyme in the catabolic route of sialic acid breakdown, so it is possible that these might be Neu5Ac transporters. However, the next branch point in the tree contains sequences from other a-Proteobacteria, although the genome context here is completely different and they are associated with idnD and manA genes, suggesting a possible function in mannonate transport.
For the SiaP proteins, we can also use an additional level of analysis to decide whether or not the sinorhizobial sequences are likely to be bona fide Neu5Ac SBPs, which is to use structural information on the key residues that coordinate Neu5Ac in the SiaP binding pocket (Müller et al., 2006; Johnston et al., 2008; Fischer et al., 2010) . From the alignment of the SiaP proteins with the other TRAP SBPs included in Fig. 4 , we can define residues that are specific to sequences at node 1 or 2 (see Fig. S1 ). Three residues previously implicated in forming the binding pocket for the glycerol side chain of Neu5Ac, namely Glu67, Arg70 and Ala151 (using the numbering for the structure of the H. influenzae SiaP protein) (Fig. S2) , and for which experimental data demonstrate that Glu67 and Arg70 are required for high-affinity binding of Neu5Ac (Johnston et al., 2008) , are absolutely conserved in the sequences defined by node 1, but not by node 2, where the additional sinorhizobial sequences both have threonine, glycine and serine at the same positions, respectively. These additional data clearly strengthen the idea that node 1 contains the bona fide Neu5Ac-specific SBPs.
The S. meliloti SMb20295 protein does not bind Neu5Ac
To test the hypothesis that the Neu5Ac-specific TRAP SBPs are contained in the proteins defined by node 1 and not beyond this, we aimed to test directly whether SMb20295 was able to bind Neu5Ac. The gene was cloned into vector pBADnLIC (Mulligan et al., 2009) , expressed in E. coli and purified to apparent homogeneity using nickel affinity purification (Supplementary Methods and Fig. S3 ). The mass of the purified protein was confirmed using electrospray ionization MS to be 35 733±5 Da, which is very close to the predicted mass of 35 730 Da. Both VC1779 and SiaP co-purify with bound Neu5Ac if E. coli is grown in LB for protein expression, which can be detected using native electrospray MS (Severi et al., 2005; unpublished Severi et al., 2005) and from V. cholerae (Mulligan et al., 2009 (Mulligan et al., , 2012 . Hence, our experimental data suggest that SMb20295 is not a Neu5Ac-binding protein. This adds experimental evidence to our prediction that only the sequences defined by node 1 are likely Neu5Ac-specific SBPs and that V. cholerae only encodes one SBP, VC1779, that is included in this group of proteins.
The VC1929 protein is similar to known C 4 -dicarboxylate SBPs
Sharma and co-workers have proposed that VC1929 is part of the sole Neu5Ac transporter in V. cholerae (Sharma et al., 2011a) , which is supported neither by our characterization of the vc1777-vc1779 system nor by the phylogenetic analysis of the sialic acid-specific TRAP clade. However, to investigate the function of VC1929 further we similarly collected the most similar sequences and their genome contexts for analysis (Fig. 4) . The TRAP transporter most similar to that which contains VC1929 that has been experimentally characterized is the dctPQM operon (pa5167-pa5169) from Pseudomonas aeruginosa, which is involved in transport of C 4 -dicarboxylates such as succinate, malate and fumarate (Valentini et al., 2011) . We have also demonstrated independently that PA5167 is a C 4 -dicarboxylate-binding protein with properties identical to those of the DctP protein from Rhodobacter capsulatus (G. H. Thomas & D. J. Kelly, unpublished data) and there is no evidence that P. aeruginosa can utilize sialic acid in its biology. The R. capsulatus DctP sequence is also included in Fig. 4 and branches with the other known and predicted C 4 -dicarboxylate-specific TRAP transporters (Shaw et al., 1991; Forward et al., 1997) . It is also striking that most of these TRAP transporters cluster with the dctS and dctR genes (annotated as dctDB in P. aeruginosa), which form a well-studied two-component regulatory system for C 4 -dicarboxylates (Hamblin et al., 1993; Golby et al., 1999; Kleefeld et al., 2009 ).
VC1929 is not essential for growth in Neu5Ac but is important for growth on C 4 -dicarboxylates
To test the functional role of vc1929 in V. cholerae, we made a non-polar in-frame mutation in vc1929 (Fig. 2b) and tested the growth properties of the resulting strain NC1929. While the disruption of vc1777 resulted in loss of growth of Neu5Ac, disruption of vc1929 gave no visible phenotype and was similar to that of the parental strain (Fig. 3) . Our bioinformatic and genomic analysis suggested that VC1929 is part of a TRAP transporter specific for growth on C 4 -dicarboxylates, and so we tested growth on M9 minimal medium with the C 4 -dicarboxylates succinate, fumarate and L-malate as sole carbon sources (Fig. 5) . For all three C 4 -dicarboxylates we saw a definite decrease in the growth rate of the NC1929 strain compared with the parental strains and also the NC1777 strain which was included as a control. This is in contrast to Sharma et al. (sialic acid). Bacteria were cultured in LB as described in Methods and diluted similarly with the medium of interest followed by incubation at 37 6C under aerobic conditions. All growth curves were performed in triplicate at least twice. Plots are represented on a log scale. Error bars, SD.
(2011a), who could not find any growth defect in their VC1929 mutant under the same growth conditions.
DISCUSSION
In this study, we demonstrate that the SiaPQM TRAP transporter encoded on the pathogenicity island VPI-2 is essential for V. cholerae sialic acid uptake, as a mutant strain NC1777 defective in siaM was unable to grow on sialic acid as a sole carbon source. These data are consistent with previous data that demonstratethat SiaPQM is a highaffinity SAT. In addition, both phylogenetic and genomic data correctly predict that SiaP (VC1779) is an SBP protein for Neu5Ac, whereas DctP (VC1929) is a C 4 -dicarboxylate transporter for succinate, malate and fumarate, which is also confirmed experimentally. We cannot explain the data presented by Sharma and colleagues which proposed that DctP (VC1929) is required for sialic acid transport, as we have found no evidence of this in our study Sharma et al.
(2011a). Although we used a different strain from that of their study, both strains are O1 serogroup biotype El Tor strains which are highly related to one another. The vc1929 gene sequences in the 15 O1 serogroup sequenced strains in the genome database share .99 % sequence identity; thus, differences in gene sequences are unlikely to have resulted in our opposing findings.
The further clarification of the SiaP clade of sialic acid TRAP transporter also allows us to state with relative confidence that two new bacteria, previously not implicated in sialic acid transport and utilization, are very likely to be able to perform this task. The first, Cardiobacterium hominis, is a c-proteobacterium of the order Cardiobacteriales which normally resides in the respiratory tract, but can also rarely cause infective endocarditis. The presence of these genes in a respiratory organism is perhaps not surprising, given that other bacteria with the same sialic acid genes live in the same niche, which is rich in highly sialylated mucins, e.g. H. influenzae and P. multocida. The second organism is Planococcus donghaensis MPA1U2, which is a firmicute of the order Bacillales, and is the only case of a Gram-positive species predicted to encode a Neu5Ac TRAP transporter. Planococcus donghaensis is a marine psychrophile isolated from cold sea water off the west coast of the USA (Pearson & Noller, 2011) , and is similar in habitat to Psychromonas and Photobacterium profundum, V. cholerae and V. vulnificus, which clearly suggests that sialic acid is present in these marine environments as well as in environments associated with mucous membranes, and perhaps physiological concentrations of sialic acid might be available to bacteria living in association with animals such as sea urchins that contain sialylated proteins. A small number of the bacteria contained within clade 1 contain clear sialic acid TRAP transporters, although the catabolic genes are not colocalized (Fig. 4) . This does not mean that they are not involved in SAC, and for each of these systems the catabolic genes are located at other parts of the genome (Fig. S4) .
The positioning of VC1929 in the phylogenetic tree of TRAP SBPs (Fig. 4) (Valentini et al., 2011) .
It is also not surprising that the disruption of vc1929 did not lead to a complete loss of growth on C 4 -dicarboxylates, as bacteria also usually contain multiple transporters for these substrates, and there are clear candidates for members of the aerobic DctA or anaerobic DcuABC family of C 4 -dicarboxylate transporters present on the V. cholerae genome that are likely to perform these functions.
The vc1235 and vcA0036 loci encode putative DctA homologues and clustered with DctA of Pseudomonas aeruginosa (PA1183) and E. coli (ORF_f428/b3528) (N. Chowdhury & E. F. Boyd, unpublished data), where they function as C 4 -dicarboxylate transporters under aerobic conditions Valentini et al., 2011) . Three more genes, vc2699, vcA0205 and vcA0665, in V. cholerae N16961 encode putative DcuABC family proteins that clustered with the anaerobic C 4 -dicarboxylate transporter of E. coli (N. Chowdhury & E. F. Boyd, unpublished data; Six et al., 1994; Zientz et al., 1996) . In Pseudomonas aeruginosa, DctA (PA1183) and DctPQM (PA6167-PA5169) systems co-ordinately work for C 4 -dicarboxylate uptake (Valentini et al., 2011) . Therefore, it will be interesting to determine whether DctA and/or DcuABC homologues co-ordinately work with VC1929 for C 4 -dicarboxylate uptake in V. cholerae.
In addition, like the two-component system DctB/DctD (PA5165/PA5166) upstream of the dctPQM operon (pa5167 -pa5169) that regulates C 4 -dicarboxylate uptake in Pseudomonas aeruginosa, two genes (vc1925/vc1926) encoding proteins homologous to the sensor kinase and response regulator DctS/DctR are adjacent to VC1927-VC1929 (Fig.  S5) . The two-component sensor-regulator system homologue DcuS/DcuR in E. coli has been shown to control C 4 -dicarboxylate uptake , further supporting the putative role of VC1929 in C 4 -dicarboxylate transport. While we cannot rule out that convergent evolution might also lead to another clade of TRAP SBPs being able to recognize Neu5Ac, we are convinced that the VC1929 protein Bacteria were cultured in LB as described in Methods and diluted similarly with the medium of interest followed by incubation at 37 6C under aerobic conditions. All growth curves were performed in triplicate at least twice. Plots are represented on a log scale. Error bars, SD. shows no features that would suggest that it is able to bind this ligand, and all our data suggest strongly that it is a C 4 -dicarboxylate-binding protein.
Sialic or nonulosonic acids are a family of nine-carbon backbone sugars that are present on the termini of glycoconjugate chains, which are found on all cell surfaces in nature. Many bacterial species encode a sialidase that cleaves these sialic acids from glycoconjugates to release free sialic acid and make it available for uptake into the bacterial cells. Within the V. cholerae VPI-2 region clustered with the sialic acid uptake and catabolism genes is the nanH gene, which encodes a sialidase. Thus, the coupling of sialic acid scavenging, transport and catabolism genes in this bacterium likely enhances its ability to colonize mucus-covered tissues in a variety of eukaryotic organisms. In V. cholerae, we have shown that a strain defective in SAC is also defective in in vivo colonization in the infant mouse model of cholera (Almagro-Moreno & Boyd, 2009b) . We predict that a SAT mutant of V. cholerae would also have a defect in vivo. The coupling of both transport and catabolism genes in a variety of commensal and pathogenic bacterial species as well as a number of marine species may therefore reflect the variety of hosts available to these species and the importance of sialic acid as a carbon source.
